), contains numerous amino acid substitutions and a deletion of codon 67, which we have designated the ⌬67 complex of mutations. We have expressed and purified HIV-1 RT containing these mutations. We compared the polymerase and pyrophosphorolysis (excision) activity of an RT with the ⌬67 complex of mutations to wild-type RT and the two other AZT-resistant variants described above.
Drug resistance remains a major problem in the treatment of human immunodeficiency virus type 1 (HIV-1) infections. Nucleoside analog reverse transcriptase inhibitors (NRTIs) are widely used in combination therapy; mutations in the HIV-1 reverse transcriptase (RT) reduce the effectiveness of these inhibitors. Resistant RT variants have an increased ability to discriminate between the normal deoxynucleoside triphosphate (dNTP) and the NRTI. This discrimination can occur at the level of incorporation; i.e., the RT variant does not incorporate the NRTI as efficiently as the wild-type HIV-1 RT. Alternatively, the discrimination can occur after the incorporation of the NRTI by increasing the removal (excision) of the NRTI blocking the 3Ј end of the primer. Excision occurs by pyrophosphorolysis by means of either pyrophosphate itself or a pyrophosphate donor such as ATP. Pyrophosphorolysis is, mechanistically, the reverse of polymerization. During the chemical step of polymerization, the 3Ј end of the primer is located in what has been designated as the priming or P site, and the incoming dNTP is bound in the nucleotide binding or N site (3) (4) (5) . This is the ternary complex (RT plus templateprimer [T/P] plus dNTP). For excision to be able to remove an NRTI blocking the 3Ј end of the primer, the end of the primer must be the N site in a binary complex (RT plus T/P). A pyrophosphate donor, PP i or ATP, reacts with the NRTI at the 3Ј end of the primer, yielding an unblocked primer and an NRTI triphosphate or a dinucleoside tetraphosphate, depending on which pyrophosphate donor is used (24) . In vitro, PP i is an effective pyrophosphate donor, leading to the removal of 3Ј-azido-3Ј-deoxythymidine 5Ј-monophosphate (AZTMP) from the end of a primer (1, 3-5, 21, 24-28, 30) . However, the RT variants that are associated with resistance to 3Ј-azido-3Ј-deoxythymidine (AZT) usually excise AZTMP less efficiently with PP i than wild-type RT. There is enhanced excision by the AZT-resistant RT variants, relative to wild-type RT, when ATP is the pyrophosphate donor, suggesting that ATP is the main pyrophosphate donor in vivo (3-5, 21, 24-27, 29, 30) , although it has been proposed that PP i -based excision may play a role in vivo (30) . AZT resistance has been strongly associated with the presence of the mutations T215(Y/F) (see reference 34 for a review). We proposed that aromatic interactions of tyrosine or phenylalanine side chains at the 215 position with the adenine ring of the ATP contribute to improved ATP binding and, as a consequence, to improved ATP-based pyrophosphorolysis of NRTI-terminated T/Ps. During pyrophosphorolysis, the phosphates of the ATP are oriented toward the polymerase active site, with the ␤ and ␥ phosphates of ATP occupying positions similar to those of the ␥ and ␤ phosphates of a dNTP bound at the N site (3-6, 13, 25, 33) . The T215(Y/F) mutations are usually associated with a suite of mutations that modulate the excision reaction. An RT variant containing classic AZT resistance mutations (M41L, D67N, K70R, T215Y, K219Q) is able to excise AZTMP more efficiently than an RT carrying T215Y alone when ATP is the pyrophosphate donor but shows only a minimal increase in the excision of ddTMP or ddAMP (3, 24, 25) . There are resistant variants that have T215Y and, in some cases, additional AZT resistance mutations associated with amino acid insertions in the fingers subdomain (for a review, see reference 34). One of these RT variants, S 69 SGR 70 /T215Y, was analyzed previously. The fingers insertion appears to destabilize the ternary complex, leading to enhanced excision not only of AZTMP but also of a number of other NRTIs (4). Other investigators have reported similar results with RT variants containing related mutations (21, 27) . There are other mutations that lead to resistance to multiple NRTIs (34) . Some of these RT variants include an unusual and infrequent deletion of codon 67 (⌬67) (10, 11, 14-18, 22, 31) . Amino acid 67 is located in the fingers subdomain of HIV-1 RT. Imamichi et al. (14) (15) (16) isolated virus from a patient undergoing long-term antiviral therapy which contained the mutation ⌬67 and a set of mutations (M41L/⌬67/ T69G/K70R/L74I/K103N/T215Y/K219Q), hereafter designated the ⌬67 complex of mutations. The T69G and ⌬67 mutations, as well as amino acid substitutions associated with AZT resistance, first emerged under AZT-didanosine (ddI) therapy. After delavirdine was combined with the AZT-ddI therapy, the mutations L74I and K103N appeared. The locations of the amino acid substitutions are shown in Fig. 1 . The virus containing the ⌬67 complex of mutations is highly resistant to nevirapine and AZT but is sensitive to ddI, despite the presence of the L74I mutation (14) (15) (16) . The interplay among the various amino acid substitutions appears to be intricate. The presence of the ⌬67 mutation by itself had little effect on AZT sensitivity, but the addition of T69G and other mutations associated with AZT resistance [K70R and T215(F/Y), and K219Q] caused a significant increase in AZT resistance (14) (15) (16) . The addition of other mutations (K103N and L74I) further increased resistance to AZT in vivo. Virus containing the T69G mutation without the ⌬67 mutation were resistant to ddI but at the expense of viral replication capacity. The subsequent development of the ⌬67 mutation improved the replication of the virus and also increased the level of AZT resistance. However, as described above, resistance to ddI was lost (14) (15) (16) . We have isolated and characterized the properties of a purified HIV-1 RT containing the ⌬67 complex of mutations and compared it to two AZT-resistance variants, AZT-R and SSGR/ T215Y, and wild-type RT. Although the RT carrying the ⌬67 complex of mutations is not as efficient as SSGR/T215Y in its ability to excise a broad spectrum of NRTIs, the ⌬67 complex of mutations is particularly efficient in its ability to excise AZTMP at low ATP concentrations.
MATERIALS AND METHODS

Preparation of HIV-1 RT.
The open reading frames encoding wild-type HIV-1 RT and each of the RT mutants were cloned into a plasmid containing the HIV-1 protease (PR) open reading frame as previously described (3). The plasmid is based on the expression vector pT5m and was introduced into the Escherichia coli strain BL21(DE3)pLysE. After induction with isopropyl ␤-D-thiogalactopyranoside, the plasmid expresses both the p66 form of HIV-1 RT (either wild-type or a mutant) and HIV-1 PR. Approximately 50% of the overexpressed p66 RT is converted to the p51 form by HIV-1 PR, and p66/p51 heterodimers accumulate in E. coli. The p66/p51 heterodimers were purified by metal chelate chromatography (3).
Polymerase assays. The polymerase assays were done as previously described (3). For each sample, 0.25 g of single-stranded M13mp18 DNA (New England Biolabs) was hybridized to 0.5 l of a 1.0-optical density/ml solution of the Ϫ47 sequencing primer (New England Biolabs). T/P was suspended in 100. 32 P]dCTP; and the indicated concentration of inhibitor. Extension was initiated by the addition of 1.0 g of wild-type RT or RT variant. The mixture was incubated for 30 min at 37°, and then the reaction was halted by the addition of 3 ml of ice-cold trichloroacetic acid. Precipitated DNA was collected by suction filtration through Whatman GF/C glass filters. The amount of incorporated radioactivity was determined by liquid scintillation counting. Wild-type RT was considered to have 100% activity; the activity of the RT variants was normalized to wildtype RT. The inhibition of polymerization by AZT triphosphate (AZTTP) or PP i was done in a similar manner, except that various concentrations of AZTTP (0.0, 0.1, 0.2, 0.5, and 1.0 M) or NaPP i (0.0, 0.2, 0.5, and 1.0 mM) were added to the reaction. The activity of the enzyme was considered to be 100% in the absence of the AZTTP or PP i ; the decreased level of incorporated radioactivity was normalized to this value.
Processivity assay. The processivity assay has been previously described (3) . In brief, for each sample to be assayed, a 0.5-l/ml solution of culture at an optical density of 1.0 of the Ϫ47 sequencing primer (New England Biolabs) was 5Ј end-labeled with [␥-32 P]ATP and T4 polynucleotide kinase. After purification, the labeled primer was annealed to single-stranded M13mp18 DNA (1.0 l of a DNA stock at a concentration of 0.25 g/l for each sample to be assayed) by heating and slow cooling. The labeled T/P was resuspended in 25 mM Tris (pH 8.0), 75 mM KCl, 8.0 mM MgCl 2 , 100.0 g of BSA per ml, 10.0 mM CHAPS, and 2.0 mM DTT. One microgram of wild-type RT or an RT variant was added to each tube and allowed to bind to the labeled T/P for 2 min. Extension was initiated by the addition of dNTPs, to a final concentration of 10.0 M each, plus 0.5 U of poly(rC) ⅐ oligo(dG) per ml, and the reactions were allowed to proceed at 37 0 for 10 m. The poly(rC) ⅐ oligo(dG) prevents RT from rebinding to the labeled primer by binding the RT after it disassociates from the labeled T/P.
FIG. 1.
Model of the HIV-1 RT polymerase active site. The three aspartic acid residues (D110, D185, and D186) located at the active site are shown in purple. The subdomains of HIV-1 near the active site are color coded (palm, red; thumb, green; fingers, blue). A T/P is shown bound to the RT with the 3Ј terminus of the primer in the P site. A dNTP is modeled in the N site, with the ␤ and ␥ phosphates labeled. The nonnucleoside RT inhibitor (NNRTI) binding site is shown; the putative binding site for ATP located near the T215Y residue. The residues described in the text are shown in gray and yellow space-filling models; the amino acid residues in the figure are those normally found in wild-type HIV-1 RT. The labels indicate the amino acid substitutions found in the ⌬67 complex.
Low dNTP extension assay. The low dNTP extension assay has been described previously (3) . Briefly, Ϫ47 sequencing primer (New England Biolabs) was 5Ј end-labeled with [␥-32 P]ATP and T4 polynucleotide kinase. After purification, the labeled primer was annealed to single-stranded M13mp18 DNA (New England Biolabs) by heating and slow cooling. For each sample, 1.0 g of wild-type RT or RT variant was added to the labeled T/P in 25 mM Tris-Cl (pH 8.0), 75 mM KCl, 8.0 mM MgCl 2, 2.0 mM DTT, 100 g of BSA per ml, and 10.0 mM CHAPS. The reaction mixture was supplemented with 0.1, 0.2, 0.5, or 1.0 M (each) dATP, dCTP, dGTP, and dTTP. The reactions were allowed to proceed at 37 0 for 15 min and were then halted by phenol-chloroform extraction. The samples were precipitated by the addition of 1 volume of isopropanol and fractionated by electrophoresis on a 6.0% polyacrylamide gel, and the gel was autoradiographed.
Pyrophosphorolysis. ATP-and NaPP i -dependent pyrophosphorolysis analysis was done as previously described (3) . A synthetic DNA oligonucleotide (5Ј-GT CACTGTTCGAGCACCA-3Ј; Biosource, Camarillo, Calif.) was 5Ј end-labeled and then annealed to the template (5Ј-AATCAGTGTAGACAATCCCTAGCA NTGGTGCTCGAACAGTGAC-3Ј). The N residue was varied, depending on which NRTI was being examined. The 3Ј end of the primer was then blocked by the addition of AZTMP (or other NRTI monophosphate). After purification of the blocked T/P, the T/P was incubated with HIV-1 RT or the RT variant in the presence of various concentrations (described in the figure legends) of either NaPP i or ATP for 15 min. The reactions were halted by the addition of EDTA: the salts and nucleosides were removed by passage through a CentriSep column (Princeton Separations), and the T/P was precipitated by the addition of isopropyl alcohol. The products were fractionated on a 15% polyacrylamide sequencing gel. The total amount of T/P (blocked and unextended plus deblocked and extended) and the amount of full-length product (deblocked and extended to the end of the template) were determined by using a PhosphorImager.
RESULTS
Polymerase assays. Wild-type HIV-1 RT, the RT variants AZT-R (M41L/D67N/K70R/T215Y/K219Q), the ⌬67 complex of mutations (M41L/⌬67/T69G/K70R/L74I/K103N/T215Y/ K219Q), and SSGR/T215Y (T69S and K70R mutations with a serine and a glycine inserted between them, combined with T215Y) were analyzed for their polymerase activity on an M13mp18 template annealed to a sequencing primer as described in Materials and Methods. The positions of the relevant amino acids in HIV-1 RT are shown in Fig. 1 . AZT-R had 72% of the polymerase activity of wild-type RT, while SSGR/ T215Y had 75% of the polymerase activity of wild-type RT. This is similar to values that have been previously reported (4) . With this substrate, the ⌬67 complex of mutations had 115% of the activity of wild-type RT. We then analyzed the polymerase activity of the RT variants with a processivity assay, which also uses single-stranded M13mp18, this time annealed to a 5Ј endlabeled primer. However, in the processivity assay, the addition of an unlabeled poly(rC) ⅐ oligo(dG) "trap" limits the RT to one cycle of polymerization, since once the RT disassociates from the labeled substrate, it binds to the poly(rC) ⅐ oligo(dG), which is present in excess. As shown in Fig. 2 , wild-type HIV-1 RT has greater processivity than any of the RT variants tested. The strong band at approximately 350 nucleotides probably represents the RT pausing at a stem-loop structure in the M13mp18 template that is necessary for M13 replication. When RT is paused at secondary structures, it is more likely to disassociate from the T/P (7). Of the RT variants examined, AZT-R had the best processivity, followed by SSGR/T215Y and then the ⌬67 complex of mutations (Fig. 2) . This is the reverse of the polymerase activity described above, where the ⌬67 complex of mutations had the most activity, while AZT-R had the least. The same T/P was used in both cases. The difference lies in the fact that the first assay allows multiple rounds of disassociation and rebinding of the RT to the substrate while the processivity assay measures one cycle of polymerization. Processivity depends not only on the polymerase activity of the RT, but also on how well the RT binds the T/P. These data suggest that AZT-R has a slower rate of polymerization than does the ⌬67 complex of mutations but that it does not disassociate from the T/P as readily as the ⌬67 complex. FIG. 2 . Processivity of the wild-type and mutant RTs. As described in Materials and Methods, a 5Ј end-labeled primer was annealed to single-stranded M13mp18 DNA and then extended with wild-type HIV-1 RT or an RT variant in the presence of a 10.0 M concentration of each dNTP and unlabeled poly(rC) ⅐ oligo(dG). The cold trap limits extension to one round of polymerization. The location of the size marker bands is shown on the left.
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Gel shift assays also indicate that the ⌬67 complex does not bind a T/P as strongly as wild-type HIV-1 RT (data not shown). We also measured the ability of the RT variants to extend a primer annealed to single-stranded M13mp18 DNA in the presence of low concentrations of dNTPs (Fig. 3) . Normally, the polymerase assays are done in the presence of a 10.0 M concentration of each dNTP. For all dNTP concentrations used, the RT variant SSGR/T215Y had the greatest difficulty extending the primer, followed by AZT-R. At the lowest dNTP concentrations (a 0.1 or 0.2 M concentration of each dNTP), the ⌬67 complex was somewhat better at extending the primer than was wild-type RT. At a 0.5 or 1.0 M concentration of each dNTP, the wild-type HIV-1 RT had a greater ability to extend the primer than the ⌬67 complex (Fig. 3) .
Excision and extension of primers blocked with nucleoside analogs. NRTI resistance mutations can either decrease the level of NRTI that is incorporated or increase the level of NRTI excision. To determine if any of the RT variants had a reduced ability to incorporate AZTTP, inhibition assays were done as previously described (3). As described in the Materials and Methods, an M13mp18 DNA template was annealed to a primer and extended with normal dNTPs, [␣-
32 P]dCTP as a marker, variable amounts of AZTTP, and either wild-type RT or an RT variant. The amount of [␣-
32 P]dCTP incorporated in the presence of the various concentrations of AZTTP was measured to determine the degree to which the various RTs were inhibited by AZTTP. The RT variants were inhibited to the same extent as wild-type RT, indicating that these variants do not cause AZT resistance by enhancing discrimination between dTTP and AZTTP during the incorporation step (data not shown). This suggests that resistance to AZT engendered by the ⌬67 complex is probably due to an enhanced ability to excise AZTMP from the primer, similar to what has been described for AZT-R and SSGR/T215Y.
Excision requires that the NRTI at the 3Ј end of the primer be located in the N site and that a pyrophosphate donor be present. We examined the abilities of wild-type RT and the RT variants to excise AZTMP by using ATP as the pyrophosphate donor in the presence of high levels of dNTPs. The high concentrations of dNTPs favor the formation of the ternary complex, which decreases the level of excision (see Fig. 7 ). The excision-extension assay measures both the ability of the enzyme to bind and use the pyrophosphate donor to excise the blocking NRTI and the ability to extend the unblocked primer to the end of the template strand. As previously described (4), the AZT-R and SSGR/T215Y RT variants were more efficient at unblocking the AZTMP-blocked primer than was wild-type RT when ATP was used as the pyrophosphate donor (Fig. 4A) . The ⌬67 complex was as efficient at excising the AZTMP as AZT-R and SSGR/T215Y when 10.0 mM ATP was present in the reaction. Interestingly, the ⌬67 complex had a relatively high efficiency of excision at the lower ATP concentrations (2.0 and 5.0 mM) where AZT-R and SSGR/T215Y were less efficient. To determine if the ⌬67 complex was able to excise AZTMP at even lower ATP concentrations, the experiments were repeated with ATP concentrations at 0.2, 0.5, and 1.0 mM. Since there is evidence to suggest that when dNTPs are present at high concentrations they can act as pyrophosphate donors (unpublished observations), the concentrations of dNTPs were also decreased. AZT-R and SSGR/T215Y were only slightly more efficient at removing the AZTMP than was wild-type RT at low ATP concentrations (Fig. 4B) . The ⌬67 complex was relatively efficient at excising AZTMP at ATP concentrations as low as 0.5 mM.
There is evidence to suggest that AZT resistance mutations cause low-level resistance to stavudine (d4T), which can be important clinically (19, 23, 32) . We used the excision-extension assay to examine the ability of wild-type HIV-1 RT and the RT variants to excise d4TMP. In the presence of high levels of dNTPs, a condition which favors the formation of the stable ternary complex and disfavors excision, wild-type HIV-1 RT was not able to excise the d4TMP blocking group from the primer (Fig. 4C) . The ⌬67 complex and AZT-R were able to excise d4TMP more efficiently than wild-type RT; SSGR/ T215Y excised d4TMP more efficiently than the ⌬67 complex or AZT-R RT (Fig. 4C) . The difference between wild-type RT and either AZT-R or the ⌬67 complex does not appear to be large, but in our assay these RT variants excise d4TMP threeto fivefold more efficiently than wild-type RT. However, even a small change (1.4-fold) in d4T susceptibility is associated with failure to achieve a significant reduction in the viral load in patients (35) , suggesting that AZT-R and the ⌬67 complex would give clinical resistance to d4T. The difference is more striking when the amount of the dNTPs present in the reaction is decreased to a 25.0 M concentration of each, decreasing the amount of ternary complex and favoring excision. At this dNTP concentration, all the RT variants excise d4TMP more efficiently than wild-type RT (Fig. 4D) .
We tested other nucleoside analogs in the excision-extension assay to determine whether the ⌬67 complex behaved like AZT-R or was similar to SSGR/T215Y, which can excise a broad range of nucleoside analogs. When the primer was FIG. 4 . Excision and extension at high and low ATP concentrations. As described in Materials and Methods, a 5Ј end-labeled primer was annealed to a template. The 3Ј end of the primer was then blocked by the addition of the appropriate NRTI. An excision-extension assay using ATP as the pyrophosphate donor was done as described in Materials and Methods. All experiments were done at least twice at different times. When experiments were repeated with different batches of enzymes, the results were reproducible. 
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blocked with ddAMP, SSGR/T215Y was able to excise the analog, although with lower efficiency than AZTMP or d4TMP; AZT-R and the ⌬67 complex were somewhat more efficient at the excision of ddAMP than wild-type RT (Fig. 5A) . Similar results were obtained when ddTTP was used to block the primer (Fig. 5B) . It should be noted that SSGR/T215Y was able to excise ddTMP from the primer more efficiently than ddAMP (approximately a threefold difference), which is similar to what has been previously reported (4). The last NRTI examined was 9-[2-(R)-(phosphonomethoxy)propyl]adenine (PMPA [tenofovir]). As shown in Fig.  5C , all of the RT variants tested were able to efficiently excise PMPA from the primer, with SSGR/T215Y being the most efficient. The ⌬67 complex was able to excise PMPA efficiently even at the lowest ATP concentration (2.0 mM); this is similar to the result obtained when AZTMP was the blocking group.
Wild-type RT and the RT variants were also tested for their ability to use pyrophosphate as the donor. As described in the Discussion, excision by means of PP i is not significantly influenced by the presence of the T215Y mutation and, because PP i -dependent pyrophosphorolysis is the reverse reaction of normal polymerization, PP i -dependent excision is more dependent than ATP-dependent excision on the overall polymerase activity of the enzyme and on how tightly PP i is bound at the active site. When the primer was blocked by an AZTMP and PP i was the pyrophosphate donor, the ⌬67 complex was significantly more efficient at excision and extension of the AZTMP-blocked primer than the wild-type enzyme or SSGR/ T215Y, which are similar in their excision-extension efficiency (Fig. 6A) . AZT-R was the enzyme least able to excise the blocking group and extend the primer. When ddTMP and d4TMP were the blocking NRTIs on the primer and PP i was the pyrophosphate donor, the ⌬67 complex was again the most efficient at excision and extension, while SSGR/T215Y was somewhat better than wild-type HIV-1 RT; AZT-R was the least efficient at PP idependent excision (Fig. 6B and C) . All of the RT variants and wild-type RT were very efficient at excising PMPA from the primer; the ⌬67 complex was able to efficiently excise PMPA even at the lowest concentration of NaPP i (Fig. 6D) . In contrast, none of the enzymes were efficient at excising ddAMP from the primer, although the ⌬67 complex was the most active (Fig. 6E) .
We further examined the ability of the various RTs to bind PP i by testing the ability of PP i to inhibit with the normal polymerization reaction (Materials and Methods). The ability of wild-type RT or the RT variant SSGR/T215Y to extend a primer was unaffected by PP i concentrations up to 1.0 mM. The polymerization by AZT-R was somewhat affected by the presence of PP i , but the ⌬67 complex was affected to the greatest extent of the RTs tested (data not shown). 
DISCUSSION
Excision of an NRTI by pyrophosphorolysis is a relatively simple reaction chemically, but the efficiency of the reaction is influenced by a number of factors (Fig. 7) . Ultimately, the efficiency of the excision reaction depends on the amount of the relevant enzyme-substrate complex, i.e., RT with the T/P bound in the N site and an appropriately bound pyrophosphate donor (Fig. 7) . Factors that influence the concentration of this complex affect the efficiency of excision. For example, binding a dNTP at the N site (the ternary complex) blocks the excision reaction because the T/P does not have access to the N site (3-5, 24, 25, 27, 33, 36) , while the presence of the azido group on AZT interferes with dNTP binding, destabilizing the ternary complex and favoring excision of AZTMP from the primer (3-5, 33, 36) . Nucleoside analog-resistant RT variants with insertions in the fingers subdomain, such as SSGR/T215Y, also destabilize the ternary complex, allowing the efficient excision of a wider range of NRTIs (4, 26) . The presence of the T215(Y/F) mutation is important for the increased efficiency of ATP binding. Previous work has modeled the adenine ring of ATP interacting with the aromatic ring of the tyrosine or phenylalanine (3-6, 25, 33) . This interaction will tether the adenine ring of ATP to HIV-1 RT, but the ␤ and ␥ phosphates of the ATP must be able to reach the polymerase active site to excise AZTMP, or other nucleoside analogs, from the end of the primer at the N site.
We have characterized the properties of a purified HIV-1 RT containing the ⌬67 complex of mutations and compared these properties to wild-type RT and two classes of previously characterized AZT resistance mutations (AZT-R and SSGR/ T215Y). While the ⌬67 complex is slightly more active (115%) than wild-type RT (100%), AZT-R (72%), or SSGR/T215Y (75%) in reactions that involve multiple rounds of polymerization, the ⌬67 complex is less processive than wild-type RT or the other RT variants. This suggests that the ⌬67 complex does not remain bound to the T/P as long as the other RTs. In polymerase reactions with low concentrations of dNTPs (0.1 and 0.2 M concentrations of each dNTP), the ⌬67 complex is slightly more efficient at polymerization than wild-type RT and significantly more efficient than AZT-R and SSGR/T215Y. It is only at somewhat higher dNTP concentrations (0.5 and 1.0 M concentrations of each dNTP) where wild-type RT is the most efficient enzyme. AZT-R and SSGR/T215Y are the least efficient at all dNTP concentrations tested. The exact mechanism by which the ⌬67 complex of mutations enhances the efficiency of the enzyme at very low dNTP concentrations is not known, but it is possible that it is related to the ability to carry out excision at relatively low concentrations of ATP or PP i (discussed below).
The ⌬67 complex of mutations was similar to AZT-R in the range of nucleoside analogs that could be excised by using ATP as the pyrophosphate donor. AZTMP was efficiently excised by both mutants, but ddTMP and ddAMP were not. In contrast, SSGR/T215Y, which destabilizes the ternary complex, efficiently excises all three nucleoside analogs. The ⌬67 complex was distinctly different from AZT-R and SSGR/T215Y in that it was able to excise AZTMP efficiently even at low ATP concentrations. A similar effect was seen when PMPA was tested (discussed below). Efficient excision with ATP actually involves two processes: how well ATP binds to the RT variant and how readily the ATP is used in the excision reaction. As previously proposed, enhanced binding of ATP involves the T215(Y/F) mutations (3) (4) (5) . The addition of the mutations M41L, D67N, K70R, and K219Q to T215Y further enhanced the excision of AZTMP compared to T215Y alone (3). Both AZT-R and the ⌬67 complex contain M41L, K70R, T215Y, and K219Q. However, the ⌬67 complex also contains additional mutations (T69G, L74I, and K103N) and a deletion of codon 67 rather than D67N. The ⌬67 complex is, in the context of a virus, more resistant to AZT than viruses with the classical AZT resistance mutations (14) . It is likely that some of these other amino acid changes in the ⌬67 complex further enhance the binding of ATP and/or enhance the use of ATP in the excision reaction; however, at this time, it is not clear which amino acid substitution(s) is responsible for these effects.
The ⌬67 complex was also tested for its ability to excise PMPA from the primer. PMPA differs from the other NRTIs that we tested in that it is an acyclic nucleoside lacking both the 2Ј and 3Ј carbon groups. While the ⌬67 complex can efficiently excise PMPA at lower ATP concentrations than AZT-R or SSGR/T215Y, all of the AZT-resistant RT variants we tested can excise PMPA. This contrasts with the results of Naeger et al. (28) but agrees with recent PMPA excision data obtained with the use of more highly resistant RT variants (38) . While some clinical data suggest that PMPA does not readily select RT variants with high levels of resistance (20) , other data suggest that, in viral replication assays, high-level resistance (Ͼ10-fold) to PMPA is associated with AZT-resistance mutations and with insertions in the fingers subdomain (12) . This agrees with the data presented here. Since all of the AZT-resistant mutants can efficiently excise PMPA, it is possible that, like AZTMP, the presence of PMPA at the end of the primer may interfere with the formation of a stable ternary complex. The crystal structure of a T/P bound to HIV-1 RT with PMPA at the end of the primer in the P site indicates that the PMPA nucleotide appears to be in at least two conformations. These multiple conformations are predicted to result from the lack of a complete sugar ring (37) . These multiple conformations could affect the equilibrium between the N site form, which favors excision, and the P site form, which does not. It could also interfere with the binding of the incoming dNTP, which would decrease the level of the ternary complex.
The planar sugar ring of d4T (d4T has a double bond between CЈ2 and CЈ3) appears to make it a relatively poor substrate for excision compared to AZT and PMPA. However, the level of resistance needed to have a clinical effect against d4T is small (1.4-fold) (32) , and it has been reported that mutations causing resistance to AZT can cause cross-resistance to d4T (12, 19, 23, 32, 35) . At high dNTP concentrations, which favor the formation of the ternary complex and inhibit the excision reaction, SSGR/T215Y excises d4TMP to a much greater extent than wild-type RT. AZT-R and the ⌬67 complex excise d4TMP less well than SSGR/T215Y but are more efficient than wild-type RT. In our assay, the difference between excision by wild-type RT and excision by AZT-R or the ⌬67 complex at 5.0 mM ATP is approximately three-to fivefold, while SSGR/ T215Y is at least 20-fold more efficient. Since even a small increase in susceptibility to d4T (1.4-fold difference) can lead to clinical failure (35) , the excision data support the data showing that these RT variants cause clinical resistance to d4T (12, 19, 23, 32, 35) . The difference is even more pronounced if the level of dNTPs is decreased.
Since the ⌬67 complex can use dNTPs and ATP at much lower levels than the other RT variants, it is possible that the ⌬67 complex could also bind PP i more tightly. When PP i is the pyrophosphate donor, excision is the reverse of polymerization, which is not the case when ATP is the donor. For all NRTIs that were tested with PP i as the donor, AZT-R was significantly less efficient at excision than wild-type RT. This reflects the difference in polymerase activity measured for AZT-R compared to wild-type RT (72 versus 100%) and is similar to data that has previously been reported (3) (4) (5) . SSGR/ T215Y, which is slightly more active than AZT-R, is close to wild-type RT in excision efficiency with PP i . We had previously proposed that PP i was unlikely to be the pyrophosphate donor in vivo because the AZT-resistant RTs had no advantage relative to wild-type RT in the efficiency of PP i -dependent pyrophosphorolysis; this is supported by the data shown here. However, the ⌬67 complex, which is only slightly more active than wild-type RT (115% of the activity of wild-type), had significantly more PP i -dependent excision than wild-type RT with almost all the NRTIs we tested (the exception is ddATP). This increase is larger than can be explained by a simple increase in polymerase activity. This may indicate that the ⌬67 complex does not release the PP i as readily as the other RT variants we tested and/or that there is an effect on the N site-P site translocation equilibrium. This is the first AZT-resistant RT variant we have analyzed that shows enhanced PP i -dependent excision and extension compared to wild-type RT. Mutations that cause resistance to foscarnet, an analog of PP i , decrease unblocking of the primer by pyrophosphorolysis. The proposed mechanism is that the foscarnet-resistant RT variants have a decreased ability to bind PP i , foscarnet, and ATP or that the position of the substrates may be altered when they are bound (27) . The opposite results are seen with the ⌬67 complex. The polymerase activity of the ⌬67 complex is inhibited by concentrations of PP i that do not affect wild-type RT, again suggesting that the ⌬67 complex binds PP i better than wild-type RT.
In summary, the ⌬67 complex is similar to AZT-R in the range of NRTIs that can be effectively excised when ATP is the pyrophosphate donor and does not have the very broad spectrum of excision seen for SSGR/T215Y. Based on the processivity and gel shift assays, the ⌬67 complex remains bound to the T/P less well than the other RT variants and wild-type RT. However, the ⌬67 complex can efficiently use dNTPs at low concentrations and seems to use ATP (and PP i ) more efficiently when excising AZTMP and PMPA. In quiescent peripheral blood lymphocytes, the level of dNTPs is low, and viral DNA synthesis is slow and inefficient. When peripheral blood lymphocytes are activated, the levels of dNTPs are greatly increased, and the production of full-length viral DNA is stimulated (9) . It has also been shown that resting T lymphocytes have twofold less purines (ATP and GTP) and up to eightfold less pyrimidines (UTP and CTP) compared to phytohemagglutinin-stimulated T lymphocytes (2, 8) . The ability to synthesize ribonucleotides may also be impaired in HIV-1-infected T VOL. 78, 2004 EFFECTS OF THE ⌬67 COMPLEX IN HIV-1 RT ON NRTI EXCISION 9995 lymphocytes (2) . A virus containing the ⌬67 complex of mutations may be better able than the wild-type virus to replicate in cells where the levels of dNTPs are low. Furthermore, the ⌬67 complex, with its ability to excise AZTMP from the primer at low ATP concentrations, may allow a virus containing these mutations to replicate in quiescent cells even when AZTTP is present. This also brings up the possibility that, in contrast to the RT variants that do not show enhanced excision of AZTMP or PMPA with PP i , excision with PP i might play a role in resistance to these compounds by viruses carrying the ⌬67 complex of mutations.
